Abstract
grid and 13 cm from each of the nearest walls, an offset of 10 cm from the center. The horizontal 140 offset was necessary because the infrared laser light attenuated with distance from the source and 141 was too weak in the center of the tank. The images were far enough from the walls that larval 142 motions were free of wall effects (Vogel, 1994) .
143
Two replicates were done using larval concentrations of 0.5 and 0.3 larvae mL −1 , 144 respectively. For the first replicate we used six, randomly ordered turbulence levels. A 10 min 145 warm-up period at the beginning of each treatment ensured that the turbulence was stationary.
146
For the second replicate we used a different treatment order but were only able to complete three 147 turbulence treatments because of an equipment malfunction. At each turbulence level we 148 collected 10 minutes of PIV data at 10 Hz (i.e., 10 image pairs per second), observing hundreds to 149 thousands of individual larvae per treatment. All data were combined in our analysis.
150
Image processing
151
The PIV images of larvae in turbulence represent a two-phase flow, with larvae and fluid 152 moving in different directions, so we separated the images of larvae and tracer particles (e.g.,
153
Kiger and Pan, 2000) to quantify larval and fluid motions. Before calculating the fluid velocity 154 vectors we equalized the image backgrounds, removed noise, and masked out the larvae to obtain 155 good estimates of background fluid flow and to limit error in the calculation of individual larval 156 velocities. The image intensity varied spatially because of infrared light attenuation, so we were noise in the images we decomposed each image using Coiflet wavelets (Mohideen et al., 2008) , 165 removed wavelet coefficients below a scale threshold, and reconstructed the image from the 166 remaining signal. The resulting images had a relatively constant background intensity, were free 167 of small-scale noise, and retained the scale and intensity of the particle images.
168
We also had to remove larvae from the images, because larval velocities often exceeded or 169 opposed the underlying flow velocities. Larval particle images sometimes became saturated and 170 had a bright, reflective halo, so we first applied a 2-dimensional, high-pass, fast-Fourier-transform 171 filter that reduced the halo effect. After filtering, we removed the residual background by 172 squaring the image intensity and setting to zero any pixel intensities below a threshold. Lastly we 173 binarized the images, identified and labeled each particle, and classified particles with area > 10 174 pixels as larvae. Larval particle images were removed, leaving images of only seeding particles.
175

Fluid velocities and turbulence
176
The paired images of seeding particles were processed using adaptive correlation algorithms 177 in Dynamic Studio (Dantec) to calculate velocity vectors u and w in the x and z directions 178 respectively. We used interrogation areas of 64 x 64 pixels at the two lowest settings and 32 x 32 179 pixels at higher settings with a 50% overlap to give vector resolutions of ∆x = 0.16 cm and 180 ∆x = 0.08 cm, respectively. These resolutions gave the best balance between improving the 181 quality of vector calculations and limiting the difference between the vector spacing ∆x and
182
Kolmogorov length scale η k .
183
We used measured fluid velocity gradients to calculate the 2-dimensional Eulerian 184 acceleration α, strain rate γ, horizontal component of vorticity ξ, and dissipation rate ε in the 185 neighborhood of individual larvae. The acceleration, strain rate, and vorticity are given by: (1)
ε(x, z) = ν 8 ∂u ∂x (George and Hussein, 1991) . This form is simplified from the 3-dimensional definition of 188 dissipation rate using the continuity equation and the assumption that the flow is symmetric 189 about the z axis, such that gradients along the x axis have similar magnitudes as those along the 190 y axis (Taylor, 1935; George and Hussein, 1991 was small compared to behavioral velocity, the omission of slip velocity contributes only negligible 231 uncertainty to our analysis.
232
We used paired trajectories to calculate the larval Lagrangian accelerations. The net larval was used only for calculating larval accelerations. All other calculations were based on sequence 1 238 trajectories, and sequence subscripts are omitted hereafter.
239
The larval vertical velocity appeared to change above a threshold level of turbulence, so we 240 modeled the vertical behavioral velocity using a sigmoidal function (Fuchs and DiBacco, 2011) :
1/ 1 + b 2 (x/x * ) −b 3 varies from 0 to 1, x can represent α, γ, ξ, or , and x * is a reference value.
243
We used α * = 1 cm s −2 , γ * = 1 s −1 , ξ * = 1 s −1 , and 
where m is the larval mass, F A is the added mass or acceleration reaction force, F P is the pressure 
where r is the larval radius and ρ f = 1.005 g cm −3 is the fluid density. The force due to pressure 263 gradients in the fluid is
The weight force due to gravity and buoyancy is the excess mass times gravitational acceleration,
(e.g., Rubey, 1933) where µ is dynamic viscosity. The Basset force accounts for historical effects 268 of unsteady drag on the boundary layer around a particle (e.g., Mei et al., 1991) and is given by
The form drag force F F accounts for pressure drag and is given by (Rubey, 1933) . Eq. 12 is similar to the Oseen correction but has a different coefficient and 271 performs better than the Oseen correction at higher particle Reynolds numbers (e.g., Guo, 2011).
272
Particle Reynolds number is Re p < 1, the viscous drag dominated at 1 ≤ Re p < 12, and the form drag dominated at Re p ≥ 12.
277
The forces due to added mass and pressure gradients were small compared to the drag forces, so
278
we omitted them, leaving a final force balance of
( Fig. 1A) . We measured or estimated all terms in Eq. 9-13 except F V , enabling us to solve Eq.
280
13 for F V to estimate the magnitude and direction of larval propulsive force.
281
In still water the velum faces upward because the centers of buoyancy and gravity are 282 separated by a distance L, with the shell acting as a keel, but shear across the body can rotate 283 the larvae away from the normal velum-up orientation (Jonsson et al., 1991) . We estimated the 284 larval angle φ of rotation relative to the passively stable, velum-up orientation (Fig. 1B) as
(e.g., Kessler, 1986) . This equation gives the axial rotation angle when the viscous torque and 286 gravitational torque are at equilibrium. If the vorticity is large enough that the right-hand side of 287 unsteady, we assumed that larval re-orientation was rapid enough that Eq. 14 represented a good 289 first-order approximation of the rotation angle. We used φ to convert the Cartesian direction of 290 propulsion to the direction of propulsion relative to the larval axis θ V (Fig. 1B) . The value of L 291 was unknown but is typically a small percentage of the radius (Kessler, 1986; Jonsson et al., 292 1991). We assumed L ≈ 3 µm, or about 1% of the larval length. To characterize the sensitivity of 293 θ V to L, we also estimated the direction of propulsive forces for L ranging from 1.5 to 6 µm (0.5 294 to 2% of the shell length).
295
For passively sinking larvae, the terminal fall velocity w s can be estimated using Eq. 13 by 296 setting the accelerations and propulsive force to zero and solving
velocity. The resulting equation is Rubey's modification of Stokes law for spherical particles, descending swimmers. Larvae in the glass and nylon particle treatments had more positive 316 swimming velocities and used more propulsive force than those in controls or algal treatments.
317
Most notably, far fewer larvae were observed in the artificial particle treatments than in controls 318 or algae treatments. The number of tracks, normalized by the number of larvae, video recording 319 time, and image area, was an order of magnitude lower in the glass and nylon particle treatments 320 than in the control and algae treatments. This result supports our qualitative observation that 321 when exposed to glass or nylon particles, many larvae sank immediately to the bottom and 322 remained there, suggesting an adverse reaction to artificial particles.
323
Turbulence 324 Turbulence treatments spanned a wide range of turbulence conditions with fluid Reynolds 325 numbers ranging from Re = 36 to 860 (Table 3) , where Re = V RMS /ν, V = (2u 2 + w 2 ) 0.5 , the level. The average descent speed was about one-third higher when larval velocity was binned by 345 acceleration or dissipation rate than when it was binned by strain rate or vorticity, indicating that 346 rapid descents were most strongly associated with high accelerations and high dissipation rates.
347
Based on the range of average velocities, the variation in w b was best explained by dissipation 348 rate, followed by acceleration, vorticity, and strain rate. The fitted behavior model (Eq. 5) also 349 gave the highest coefficient of determination for dissipation rate, followed by acceleration,
350
vorticity, and strain rate ( the rotation angle φ varied widely with L, the propulsion angle θ V varied little (Fig. 4) , and 361 larvae rarely experienced both a large φ and a large θ V simultaneously.
362
All larvae experienced a larger average rotation angle φ in stronger turbulence because of 363 increasing vorticity, but the average direction of propulsion θ V relative to the larval axis remained 364 steady (Fig. 4) . For divers, φ at low dissipation rates (Fig. 4A) was consistently directed at an average angle of θ V ≈ 90°for swimmers and θ V ≈ −90°for divers
369
( Fig. 4C-D) , although θ V for divers was variable in weak turbulence where diving was infrequent. presumably because larvae rotated and their propulsive force was directed away from vertical.
376
Diving larvae had a more complex response to turbulence. In weaker turbulence, F V and w b 377 grew steadily with turbulence when larvae were binned by ε but were extremely variable when 
384
The apparent dependence of behavioral velocity and propulsive force on dissipation rate 385 was further supported by the relationships between F V or w b and the rotation angle φ (Fig. 6 ).
386
When larvae were grouped in small bins of dissipation rate, the propulsive forces and diving 387 velocities were highly correlated with the larval rotation angle (R 2 ≥ 0.93 for linear regressions).
388
For swimmers the relationship between w b and φ appeared more nonlinear because at large 389 rotation angles (|φ| > 10°) the larval propulsive force was directed away from the positive z 390 direction. The relationships between w b or F V and φ were weaker when larvae were binned by 391 acceleration or strain rate and weakest when larvae were binned by vorticity ξ, even though consider whether larval inertia contributed to higher sinking velocities in turbulence.
418
Scales of Larvae and Turbulence
419
For inertial particles, turbulence has the greatest effects on particle velocity when particle 420 velocity is similar to the Kolmogorov velocity scale, w s /υ k ≈ 1, when particle size differs from the 421 Kolmogorov length scale, d/η k = 1, and when the particle response time turbulence, with w s /υ k ≈ 1 at ε = 10 cm 2 s −3 (Fig. 7B ). For observed larvae the velocity-scale ratios were always greater than one, with V b /υ k = 2.6 to 6.1 for swimmers and 5.9 to 17.2 for 428 divers. Thus by the velocity criterion turbulence may have sped up the descents of passively 429 sinking larvae, although the observed larvae were less likely to experience the same effect.
430
By the size and time-scale criteria, in contrast, turbulence could have slowed or had no 431 effect on the larval descents (Fig. 7B) 
444
Based on these considerations of scale, the potential effects of turbulence on descent speeds 445 were inconsistent. Turbulence was unlikely to greatly speed larval descents, and we are confident 446 that the observed descents were active dives rather than turbulence-enhanced passive sinking.
447
Even if we assume that turbulence raised larval descent speeds by the maximum amount (50%;
448
Wang and Maxey, 1993), the observed descents in strong turbulence could not be explained by 449 passive sinking (Fig. 7A ), indicating that larvae actively propelled themselves downward.
450
Larval Propulsion
451
Our results provide compelling evidence that larvae dove more frequently and more 1994; Koehl and Reidenbach, 2007) . Using a numerical model that will be presented elsewhere,
540
we are investigating how larval behaviors interact with substrate type to affect oyster settlement. 
541
). Values are mean ± 1 s.d. over all replicates per treatment, with 9 control replicates and 6 replicates of each particle treatment. Notation n.d. indicates no data where no diving larvae were observed.
control 321 ± 7.8 1.15 ± 0.02 -0.67 ± 0.08 -0.02 ± 0.06 97.5 ± 2.8 90.0 ± 1.0 -92.4 ± 10.1 2.44 ± 0.33 5.49 ± 1.94 2.9 ± 1.8 algae 322 ± 8.7 1.15 ± 0.02 -0.68 ± 0.06 -0.02 ± 0.07 98.7 ± 1.5 90.0 ± 1.4 -87.6 ± 25.6 2.45 ± 0.17 6.69 ± 4.54 2.6 ± 3.1 glass 326 ± 8.0 1.16 ± 0.02 -0.73 ± 0.37 0.01 ± 0.04 99.9 ± 0.0 88.7 ± 2.2 -64.7 ± 0 2.78 ± 0.07 13.3 ± 0.00 0.8 ± 0.5 nylon 323 ± 4.8 1.15 ± 0.01 -0.71 ± 0.25 0.08 ± 0.09 100 ± 0.0 89.6 ± 3.1 Table 3 : Summary of flow statistics for turbulence treatments. Level indicates turbulence tank setting, f is stirring frequency, Re is fluid Reynolds number, W is the time-and space-averaged vertical velocity (positive upwards), w RMS /u RMS is isotropy ratio, ε is dissipation rate, η k is Kolmogorov length scale, λ is Taylor microscale, and ∆x is vector resolution. Re p (dive) 
